Arsenic (As) was removed electrochemically from underground water (GW) by electrocoagulation (EC) process employing a bipolar cell configuration with continuous flow using iron electrodes. A kinetic model derived from the Lagergren equation was applied to specify the kinetics of the arsenic removal reaction. Elucidation of the effect of the liquid flow rate on the treatment time and on the simulation results of the model was achieved. The results showed that treatment times decreased from 10.50 min to 0.75 min as the flow rate decreased from 3.500 to 0.875 L min 21 and the current density varied from 15 to 45 A m 22 respectively. The used sorption kinetic model successfully describes the arsenic removal by this process. The coefficients of determination were found to be very high in all cases (R 2 . 0.99) indicating a good fit of the experimental data to Lagergren model.
INTRODUCTION
Water is crucial for sustainable development, paradoxically, water is also the most devastating carrier of disease and death known to mankind, especially in some rural and remote areas, where the most important source of drinking water comes from contaminated wells (Zhang et al. 2007) .
The causes of water contamination are numerous and the contamination of wells with arsenic (As) is one of the greatest environmental disasters being faced today and must rank as one of the worst in recent times (WHO 2001) . Inorganic arsenic can occur in the environment in several forms but in natural waters, it is mostly found as pentavalent arsenate (As (V)) or trivalent arsenite (As(III)) (Cullen & Reimer 1989) . Arsenic can lead to a number of health problems, long-term exposure to arsenic in drinkingwater causes increased risks of cancer in the skin, hyperkeratosis and changes in pigmentation and also leads to disturbance of the cardiovascular and nervous system functions and eventually leads to death (Kapaj et al. 2006 ). Because of its high toxic effects on human health, recently the World Health Organization (WHO) has lowered the maximum contaminant level (MCL) for arsenic in drinking water from 50 to 10 mg L 21 (WHO 2001) .
Elevated concentrations of As in underground water (.10 mg L 21 ) have been reported from many parts of the United States, India, Bangladesh (Emett & Khoe 2001) , Canada, Argentina, Chile, Taiwan, China, Japan, southern Thailand, Ghana, Hungary and Finland (Pinisakul et al. 2002; Zhang et al. 2007) . A similar arsenic problem also exists in aquifers of Central North of Mé xico (CNM), where drinking water supplies for some rural areas are primarily based on underground water resources (Del Razo et al. about ninety percent of the total arsenic was found as As (V) (Maldonado-Reyes et al. 2007) .
A variety of treatment processes have been developed for arsenic removal from model and underground water (Cheremisinoff 2001; Zhang et al. 2004) . Zeolites as those of the clinoptilolite type produced in Hungary only removed 75% (Elizalde-Gonzalez et al. 2001) . Moreover, the regeneration process of the zeolites requires physical or chemical treatment. Shevade & Ford 2004 , found that the regeneration of zeolite NY6 is more efficient when this process is carried out under basic conditions (0.1 N NaOH). Other researchers suggested a biological method using dried roots of the water hyacinth plant, nevertheless a large contact time (60 min) was required to remove As from 200 mg L 21 to 10 mg L 21 of As (V) from model water (Al Rmalli et al. 2005) .
On the other hand, the common coagulation process produce large amount of sludges (Chen 2004) . For this reason, it is necessary to find an appropriate technology for arsenic removal, which has to be of simple design and easily produced and produce reliable results with short hydraulic residence times (HRTs) (Salt et al. 1997 ).
An effective technology that meets these requirements of process as well as cleanliness, ease of manipulation, low operational and investment costs is Electrocoagulation (EC) (Escobar et al. 2006) . Some researches have developed the electrocoagulation with batch reactors and large interelectrode space greater than 0.5 cm (Yu et al. 2005; Gomes et al. 2007) . In most of the reported works, the EC process has been applied for treatment of wastewater and model water (Chen et al. 2000; Cheremisinoff 2001; Chen 2004) . The objective of this work was to evaluate the efficiency of arsenic removal from underground water collected from a well of Central North of Mé xico using a compact electrochemical reactor where the EC experiments were carried out at a continuous flow rate of 0.875, 1.75 and 3.5 L min 21 and investigate the correspondent kinetics.
EXPERIMENTAL Analysis and underground water characteristics
In order to carry out the experiences at same conditions (arsenic concentration), the underground water extracted from a well located at the central part of northern of Mexico was collected and homogenized and its principal water characteristics are summarized in Table 1 . From this Table, it can be observed that GW showed a total arsenic concentration of 133 mg L 21 from which 7.90% resulted as As (III) and 92.10% as As (V). The As concentration of the GW was measured by inductively coupled plasma spectroscopy (ICP, Thermo Jarrel Ash, Iris Intrepid II).
Other ions such as Ca, SiO 2 and sulfate were present in this GW. Among these species, silicon (67.62 mg L 21 ) was determined by atomic absorption spectroscopy (AAS, Thermoelemental Instrument, Solaar S4) while calcium (46.44 mg L 21 ) and sulfate (46.34 mg L 21 ) were determined by ICP.
The precipitates obtained after the EC process were filtered with a filter paper with pore size of 2.5 mm and dried at 1008C for 2 h ( 
Experimental setup
The electrolytic cell was made of an acrylic plate with dimensions of 19.32 £ 10.96 £ 25.28 cm (length £ width £ depth) and effective volume was of 1.4 L. Four electrodes of carbon steel AISI 1018 plates were installed along the reactor length each with a size of 0.63 £ 15.24 cm £ 10.00 (thickness £ length £ depth), and were the anode and cathode electrodes fixed at 0.3 cm apart. Only the outer electrodes were connected to the electric power source to form a bipolar system. After of each EC treatment, our electrochemical cell only was drained and before each experiment, the electrodes were abraded with silica paper in order to remove impurities. The electrochemical reactor for treatment of the As-contaminated water is shown in Figure 1 .
As can be seen in Figure 1 , the electrocoagulation apparatus with air injection (2 membranes diffusers)
consisted of a peristaltic feed pump, an air pump, a water tank and a power supply. The use of vertical carbon steel electrodes allowed in situ generation of O 2 and H 2 gases in the electrolysis of water to facilitate the removal of ferric and ferrous species associated with arsenic contaminants (Chen 2004) .
Electrocoagulation procedure
All experiments were carried out at room temperature (228C) and at a current density of 30 A m 22 . The current density for the EC process was supplied by a Potentiostat/ Galvanostat Vimar PG-2EV. During electrocoagulation, air was injected into the interelectrode space by a pump (1.6 L min 21 ) into the pores of a membrane diffuser in order to produce the liquid motion for improving the dispersion of the ferric oxyhydroxide (FH) flocs produced in the EC process according to Reaction (1) (Maldonado-Reyes et al.
2007
) and also the mass transfer processes.
Before the electric current was applied, air was bubbled for 1 min in order to obtain a steady state.
The experiences were conducted in two conditions.
In the first condition, GW was supplied continuously into the reactor, and in the second, EC experiments were carried out for 2 min in a batch mode operation and then fresh GW was supplied to the reactor in a continuous flow. In both, a continuous GW flow rates of 0.875, 1.750 and 3.500 L min 21 was supplied to the reactor. The samples were collected at the exit of the reactor every 0.15 min during 8 min. In all experiments, the pH was measured before and after each electrocoagulation run with a LPH430T (Tacussel) pH-meter. It was found that the GW initial pH value was 8.06.
In order to determine the effect of current density at fixed flow rates, additional experiments with GW were performed without pretreatment batch at current densities of 15, 30 and 45 A m 22 . Only this condition (without pretreatment) was selected to carry out the EC process, because the treatment time for arsenic electro-removal was relatively large when 2 min of pretreatment were applied.
On the other hand, the selected current density values are consistent with those reported in the literature for this process (Yu et al. 2005) .
RESULTS AND DISCUSSION
Arsenic removal Figure 2 , for all flow rates studied the As removal rate is relatively rapid for times shorter than 2 min and slower for longer times, where the residual As concentration approaches to an almost steady value. This is explained by the higher As concentration at the beginning of the EC process which gives rise to a higher reaction rate, while for treatment times larger than 2 min the As concentration is relatively low, resulting in a slower reaction rate.
As can be noticed in Figure 2 as the flow rate increases, However, at high flow rates (3.5 L min 21 ), a treatment time of 6 min is not enough to obtain the permissible limit of arsenic content in drinking water. This can be explained because the flow rate have a strong effect on the contact time between arsenic species and the FH adsorbent flocs generated during the EC process. According to Equation (2) the residence time (t) was of 1.6, 0.8 and 0.4 min for flow rate values of 0.875, 1.750 and 3.500 L min 21 respectively.
where V is the volume of the liquid in L and Q is the flow rate during the EC process in L min 21 .
Some researchers have reported a pH increasing during the EC process ( Jeong et al. 2007) , however, in this work the pH values measured before and after the EC treatment did not varied significantly and were 8.06 and 8.12
respectively. This pH increasing is mainly associated to hydroxyl ions (OH 2 ) produced by the water reduction in the EC process. These ions are mainly consumed in the ferric oxyhydroxides formation, nevertheless residual OH 2 ions concentration remains in GW, which explains the slight pH increase of GW after the EC treatment. the batch process is mixed with the fresh GW (133 mg L 21 ) supplied by the continuous flow fed to the reactor.
However, as the EC process preceded the residual arsenic concentration decreased because the FH dosage progressively increased. Since the best arsenic removal results by EC process were obtained without pretreatment, only these experimental data were taken to determine the kinetic constants.
Adsorption kinetics
The kinetics gives information about the As adsorption between the liquid phase and the solid adsorbent phase (Ayoob & Gupta 2008) . Langmuir, Freundlich, Dubinin-Raduschkevich and Lagergren adsorption models have been most commonly used in sorption studies. Among them, the Lagergren model has been successfully applied to many pollutant adsorption processes (Soon-An et al. 2007) and it has been found that accurately describes the experimental data arsenic removal in this work. Therefore, the kinetic data of arsenic adsorption on ferric oxyhydroxides were analyzed using this model. The data obtained were analyzed with the Lagergren second-order kinetic model given by the following Equation:
where q (mg g 21 ) is the amount of arsenic species adsorbed on the adsorbent at time t (min), k 2 (g mg 21 min 21 ) is the rate constant of the second-order adsorption and q e (mg g 21 )
is the amount of arsenic adsorbed at equilibrium. The integrated and linearized form of Equation (3) is given as follows:
The solid-phase As-loadings q values were calculated from the equilibrium As-concentration using a mass balance:
where C 0 (mg L 21 ) is the initial concentration of arsenic species in the aqueous phase, V (L) is the volume of the liquid phase, C (mg L 21 ) is the equilibrium As concentration in the aqueous phase, and S (g) is the mass of the adsorbent. Figure 4 shows the plot t/q versus time (t). As can be seen this figure, the relationship t/q vs t exhibits a linear behavior, this confirms that the As removal data have good fitting with a second-order kinetics. Values of k 2 were calculated from the intercept of the plots t/q versus t respectively.
The parameters values of k 2 and the coefficients of determination (R 2 ) from a Lagergren method are summarized in Table 2 . From this Table it can be observed that the values of R 2 obtained for all the flow rates studied were higher than 0.99, therefore, the data were well correlated by this empirical model revealing the model can successfully simulate the As adsorption process in EC with various flow rates.
In Table 2 , the rate constant values decreased when the flow rate increased, this behavior was expected because the amount of As species adsorbed increased with increasing residence time, and a rapid kinetic was obtained Removal time vs current density Figure 5 shows the effect of current density on arsenic removal time for experiments carried out at flow rates of 0.875, 1.750 and 3.500 L min 21 and without 2 min of pretreatment. As can be seen in this figure, when the flow rate is maintained at a constant value and the current density was increased from 15 to 45 A m 22 , the arsenic removal was more rapid and by consequence the treatment time diminished. This behavior is explained considering that the current density determines the coagulant dosage rate (Chen 2004) . Dissolving rate of Fe electrode increased with increasing current density. Consequently, arsenic removal increased with increasing current density because more Fe 3 þ passed to solution and formation rate of ferric species increased (Hansen et al. 2006) . Thus this parameter should have a significant impact on removal efficiencies of pollutants.
As can be noticed in Figure 5 , at high current density 
Dosing rates and energy consumption
The amount of iron delivered to the solution was calculated theoretically by Faraday's law (Kumar et al. 2004) :
where w is the mass of the sacrificial electrode dissolved (g),
i is the current density (A m 22 ), A represent the surface area of the anode in m 2 , t is the EC treatment time in seconds, M the molar mass of the electrode material (55.84 g mol 21 ), z is the valence of the dissolving metal ion (z ¼ 2) and F is the Faraday constant (96 485 C mol 21 ).
The theoretical amount of dissolved iron and the energy consumption for the experiments carried out at flow rates of 0.875 and 1.750 L min 21 and 30 and 45 A m 22 of current density applied are reported in Table 3 . As shown in this The energy (E) consumption by the EC process is calculated by the following equation:
where U is the total cell voltage (V) in the reactor, I is the applied current (A) and t is the treatment time (s).
Additionally, energy consumption corresponding to air injection (1.5 Wh) and water recirculation (4.8 Wh) devices are considered. 
As shown in

2007)
, as a result, the treatment time decreases. This is because the dissolution of Fe 2 þ ions and consequently the ferric oxyhydroxides dosage strongly depends on the current density. When the current density increases the FH are generated in a shorter period of time, hence the arsenic removal increases. Table, it can be seen that amount of dissolved iron is minimum, the quantity varied from 57.30 to 21.49 g m 23 .
From this
Perspectives for future research
At the moment, this research only takes into account the effect of the current density and the flow rate on arsenic removal time, but the sludge handling is needed. Further work is now being performed to use this electrocoagulation system in rural communities.
CONCLUSIONS
The better arsenic removal time of 0.75 min, was found at flow rate of 0.875 L min 21 and 45 A m 22 of current density without pretreatment time. The maximum As removal efficiency (99%) was achieved at a current densities of 30 and 45 A m 22 without pretreatment and at lower flow rate.
The adsorption process of arsenic on ferric oxyhydroxides follows a second-order kinetics Lagergren model with a confidence correlation factor . 0.99. Due to the high As removal obtained by the EC process with this reactor, and taking account that it is reliable, compact and simple, this electrocoagulation system represents good alternative for treatment arsenic contaminated underground water.
